金星上部もや層の研究 by 髙木 聖子 & TAKAGI SEIKO
学位論文（要約） 
Study of the Venus’ upper haze 
(金星上部もや層の研究 )
平成 25年 12月博士（理学）申請 
東京大学大学院理学系研究科 
地球惑星科学専攻 
髙木 聖子 
 i 
 
Abstract 
 
Venus is completely shrouded by a thick cloud deck floating at 45 – 70 km. The 
major material of the cloud deck is thought to be H2SO4 – H2O droplets. The upper 
haze on Venus lies above the cloud layer surrounding the planet, ranging from the top 
of the cloud (～70 km) up to as high as 90 km. The upper haze particles with an 
effective radius of ～ 0.25 µm was suggested from Pioneer Venus Orbiter (PV) 
measurements. The particles were most likely composed of sulfuric acid in terms of 
refractive index ～1.45. The haze vertical optical thickness in the polar region at 365 
nm was found to be 0.8 above the main cloud of 1 µm particles by PV measurements. 
By comparison, the optical thickness of the haze above the main cloud at low latitudes 
was found to be 0.06 [Kawabata et al., 1980]. Knibbe et al. (1998) and Braak et al. 
(2002) observed a gradual decrease of the haze particle column density during the PV 
mission. Braak et al. (2002) reported a correlation between the decrease of SO2 
abundance [Esposito et al., 1988; Na et al., 1990] and that of the polar haze optical 
thickness. However, it is unclear how haze are produced and composition of haze. 
The upper layer detected (above the clouds) is characterized by a SO2 mixing ratio 
increase with altitude from 85 to 105 km [Belyaev et al., 2012]. It shows a new source of 
SO2 at high altitude. One possible source of SO2 in the upper haze layer could be 
photo-dissociation of H2SO4 vapor resulting from evaporation of acid aerosol droplets. 
However, recent upper limit of H2SO4 from sub-mm ground-based observation makes 
this theory less likely [Sandor et al., 2012]. The cause of the phenomena given above is 
still controversial. 
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The Solar Occultation at InfraRed (SOIR) on board Venus Express (ESA) is 
designed to measure the atmospheric transmission at high altitudes (70 – 220 km) in 
the IR (2.2 – 4.3 µm) with high resolution by solar occultation. The SOIR data obtained 
in 2006-2009 are analyzed to examine the upper haze at altitude above 90 km. Vertical 
and latitudinal distribution of haze extinction, optical thickness and mixing ratio are 
calculated in using SOIR data statistically. Extinctions and optical thickness at low 
latitude are two times thicker than those of high latitude. One of the notable results is 
that mixing ratios increase at altitude above 90 km at both high and low latitudes. It is 
speculated that sources of haze are transported upward from under altitude 90 km and 
haze is produced at high altitude. From comparison with the vertical distributions of SO 
and SO2 mixing ratios reported by Belyaev et al. (2012), it is speculated about the 
correlation between sulfuric compound and haze. 
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1.  Introduction 
1.1.   Previous Venus observation 
1.1.1.   Cloud 
 
The Venus cloud consists of a main cloud deck at 47 – 70 km, with thinner hazes 
above and below. Instruments on the Venera 9 and 10 landers and the four Pioneer 
Venus (PV) entry probes provided simultaneous in-situ measurements of the vertical 
structure and particle size distributions in the clouds [Esposito et al., 1983]. They 
found that the main cloud consists of three distinct layers. Three layers, known as the 
upper (～57 to 70 km), middle (～49 to 57 km) and lower (～47 to 49 km) clouds, are 
bounded above and below by more diffuse haze layers. Sulfuric acid (H2SO4) aerosols 
are the principal constituent of all three layers, but the particle size distributions 
differ from layer to layer. The PV Orbiter Cloud Photopolarimeter (OCPP) 
measurements showed that the upper haze layer is composed primarily of very small 
‘mode 1’ particles, which have modal radii between 0.25 and 0.4 µm. The PV Large 
Probe Cloud Particle Spectrometer (LCPS) showed that the lower haze was also 
composed primarily of these particles. The upper cloud consists primarily of a second 
particle type, called ‘mode 2’ which has a ～1 µm equivalent radius, but also includes 
significant numbers of mode 1 particles. A third particle type, ‘mode 3’, is the principle 
component of the middle and lower clouds. This consists of relatively large particles, in 
a distribution with a mode radius of 3.85 µm and some particles as large as 35 µm 
equivalent radius. Mode 3 may have a crystalline component of uncertain composition. 
A mean cloud model and derivation from the mean were calculated from the 
measured data collected by previous entry probes, such as Soviet Veneras series 
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[Takagi and Iwagami. 2011](Fig.1.1). The optical thicknesses of upper haze, upper, 
middle and lower are 1.0, 10, 14.5 and 8.5, respectively. 
 
 
  
 
Fig.1.1  The cloud model used for the calculation reported here made 
from the mean proﬁle shown in Fig. 2(h) by adjusting it to a thickness of 
2 km and to a constant mixing ratio of particles in each layer; mode1 
(short dashed line), mode2 (long dashed line), mode3 (solid line) [Takagi 
and Iwagami, 2011]. 
 
 
 
1.1.2.   Early observation of Upper haze (70-90 km) 
 
The upper haze on Venus lies above the cloud layer surrounding the planet, 
ranging from the top of the cloud (70 km) up to as high as 90 km [Esposito et al., 1983]. 
The ～1.05 µm particles within the cloud layer were already identified in the early 
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1970s [Hansen and Hovenier, 1974] and most likely composed of concentrated sulfuric 
acid (for a review see Esposito, 1983) in terms of refractive index. The existence of the 
second species of smaller particles within and above the clouds with an effective radius 
of ～ 0.25 µm was suggested from Pioneer Venus (PV, from 1978 to 1990) 
measurements [Kawabata et al., 1980]. It was obtained at relatively short 
wavelengths (< 1.0 µm) by the PV OCPP during the nominal mission in 1979. Haze 
particles are found to have a refractive index of 1.45 ± 0.04 at 550 nm, an effective 
radius of 0.23 ± 0.04 µm. The haze vertical optical thickness in the polar region at 
365 nm was found to be 0.8 above the main cloud by the PV measurements. By 
comparison, the optical thickness of the haze above the main cloud at low latitudes 
was found to be 0.06. Sato et al. (1996) reported that in the north polar region the haze 
particles have effective radius of 0.25 ± 0.05 µm and the refractive index of 1.435 ± 
0.02 at 550 nm. In the south polar region, the haze particles have effective radius of 
0.29 ± 0.02 µm and the refractive index 1.45 ± 0.02 at 550 nm.  
  
 4 
 
1.1.3.   Recent observation of Upper haze (70-90 km) 
 
Several instruments on ESA’s Venus Express (VEX) spacecraft have accumulated 
new data of the Venus atmosphere over a broad range of wavelengths. It is worth 
mentioning that both imaging spectrometer Visible and Infrared Thermal Imaging 
Spectrometer (VIRTIS-M IR) on the nightside [de Kok et al., 2011] and Spectroscopy 
for Investigation of Characteristics of the Atmosphere of Venus / Solar Occultation at 
InfraRed (SPICAV/SOIR) at the terminators [Wilquet et al., 2009] are able to target 
the upper haze above the cloud layers for further investigation. The stellar occultation 
by SPICAV-UV on the nightside is also useful in this context. SOIR is designed to 
measure the atmospheric transmission of the solar light in the infrared (IR). 
SOIR is an innovative echelle grating spectrometer onboard VEX. All features, 
capabilities and characteristics of the instrument have been described by Nevejans et 
al. (2006), Bertaux et al. (2007) and Mahieux et al. (2008). Therefore, only a brief 
description is given here. SOIR is operated in the solar occultation mode, i.e. the line of 
sight (LOS) points towards the Sun. As VEX is moving along its orbit, the LOS crosses 
the atmosphere of Venus at successive tangent altitudes. The instrument is operated 
in the IR (2.3 – 4.4 µm) and its spectral resolution is about 0.15 cm-1. 
The continuum of absorption in the SOIR spectra is primarily shaped by the 
extinction caused by the aerosol particles in the upper haze. Vertical and latitudinal 
distributions of extinction are shown by Wilquet et al. (2012) by analyzing the SOIR 
data. The results focused on the upper haze up to 90 km. As Fig.1.2 shows, extinction 
profiles are plotted confined to high northern latitude during March-April 2007 and 
February – March 2008. These profiles are for solar occultation at the morning and the 
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evening terminator. 
Fig.1.3 presents a global picture of all observations considered in Wilquet et al. 
(2012) regarding the latitudinal dependency of the extinction. For each proﬁle, the 
value of extinction at 80 km is plotted as a function of the latitude of the observation. 
For both terminators (morning on the left panel and evening on the right), it is 
observed that the extinction due to aerosols is signiﬁcantly smaller in the polar 
latitudes (by a factor 10 at least) compared to the values around the equator. 
Fig.1.4 shows the number densities (N) derived in the UV spectral range for 
aerosol particles of about 0.1 – 0.3 µm size from the SPICAV-UV channel and in the IR 
for aerosol particles of about 0.4 – 1.0 µm size from the SPICAV-IR and the SOIR 
channels depending on the altitude. SPICAV-UV measurements lead to mode 1 
particle number density between 10 and 30 cm-3 below 90 km with decreasing at 
higher altitudes. Number density for the larger particles (mode 2) decreases smoothly 
from 10 to 15 cm-3 at 70 km. It decreases down to less than 1 cm-3 at 90 km. Wilquet et 
al. (2009) demonstrated the existence of at least two types of particles. One type with a 
radius comprised between ～0.1 and 0.3 µm as inferred by the UV channel and the 
second type, detected in the IR, has a radius varying between ～0.4 and 1 µm 
depending on the altitude. 
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Fig.1.2  Extinction profles at high northern latitudes during March to 
April 2007 and February to March 2008. Dots (● ) are for solar 
occultation at the morning teminator while Triangles (▲) are for solar 
occultation at the evening terminator [taken from Wilquet et al. (2012)]. 
 
 
 
 
Fig.1.3  Latitudinal distribution of the extinction at 80 km. The left 
panel is for solar occultation at the morning terminator (●), and the 
right panel for the evening terminator (▲) [taken from Wilquet et al. 
(2012)]. 
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Fig.1.4  Vertical profiles of the particle total number density in the 
Venus upper haze during two successive orbits of Venus Express. The 
radius of particles found by fitting normalized extinction to a haze 
model allowed derive N for mode 1 particles with the SPICAV-UV 
channel (circles), N for mode 2 particles with the SPICAV-IR channel 
(inverted triangles), and N for mode 2 particles with the SOIR channel 
(asterisks) during orbit 485 (black) and orbit 486 (gray) [taken from 
Wilquet et al. (2009)]. 
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1.2   Relation between Sulfuric compound and Cloud・Haze 
1.2.1.   Sulfur Chemistry related to Cloud and Haze 
 
Relationship between haze and sulfuric compound is inferred from analogy of 
correlation between main cloud and sulfuric acid. For example, Belyaev et al. (2012) 
suggested that haze are related to SO and SO2 from Venus Express observation. 
Observations suggesting relation between sulfuric compound and haze will be 
described in next section. In this section, previously-proposed sulfur chemistry related 
to cloud and haze will be focused. 
 
Sulfur Oxidation cycle 
This cycle involves primarily the oxidation of SO2 in the upper cloud to form 
H2SO4, condensation and downward transport of the sulfuric acid, and evaporation 
and decomposition in the lower atmosphere to produce SO2, CO2, and H2O. Chemical 
reactions and transport processes are summarized in Fig.1.5 (taken from Imamura 
and Hashimoto. (1998)). The H2SO4 – H2O droplets produced near the cloud top are 
transported poleward and downward by meridional circulation, sedimentation and 
eddy diffusion. The droplets evaporate in the hot lower atmosphere to yield H2SO4 
vapor, a portion of which is transported equatorward below the cloud. The H2SO4 
vapor is carried aloft by the meridional circulation at low latitudes to condense into 
cloud particles at 47 – 50 km altitudes. Principal reactions are described in eqs.(1.2.1) 
and eqs.(1.2.2). Good observational evidence exists for most steps in this cycle 
[Krasnopolsky and Pollack, 1994]. For example, the Venera 14 photometry at 360 nm 
showed a decrease in the SO2 mixing ratio from 50 ppm at 50 km to 10 ppm at 57 km.  
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Fig.1.5  Schematic view of the circulation of H2SO4 in the Venus 
atmosphere. Arrows indicate the direction of H2SO4 transport. Shaded 
areas indicate the cloud layer [taken from Imamura and Hashimoto. 
(1998)]. 
 
 
SO2 + O + M → SO3 + M     (1.2.1 a) 
SO3 + H2O → H2SO4     (1.2.1 b) 
 
H2SO4 → SO3 + H2O     (1.2.2 a) 
SO3 + CO → SO2 + CO2     (1.2.2 b) 
 
 
Polysulfur cycle 
Prinn. (1975) suggested a scheme of photochemical formation of sulfuric acid and 
polysulfur from carbonyl sulfide OCS. The primary sulfur carrier from the deep 
atmosphere and surface to the middle atmosphere is OCS. Near and above the cloud 
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tops, OCS readily dissociates, releasing the S atom. 
OCS + hν → CO + S     (1.2.3 a) 
S + OCS → S2 + CO     (1.2.3 b) 
The S atom gets oxidized to SO by reaching with O and O2 
S + O + M → SO + M     (1.2.4 a) 
S + O2 → SO + O     (1.2.4 b) 
Further oxidation to SO2 can proceed via the three-body reaction 
SO + O + M → SO2 + M     (1.2.5) 
Catalytic oxidation by ClO is also possible 
SO + ClO → SO2 + Cl     (1.2.6) 
Below the cloud tops, oxygen is scarce. In the absence of an oxygen source, S 
reacts with other S bearing species to from polysulfur, Sx. The reactions are 
summarized in Fig.1.5 (taken from Yung et al. (2009)). 
 
 
 
Fig.1.6  Schematic diagram illustrating the Sx chemistry [taken from 
Yung et al. (2009)]. 
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Aerosol and Sulfur compound 
It is speculated that aerosol and sulfuric compound are connected by condensation 
and evaporation as shown in Fig.1.6. Fig.1.7 illustrates the important pathways of the 
sulfur cycle related to aerosols [Zhang et al., 2012]. However, the relationship between 
aerosol and sulfuric compound and composition of haze are still unknown. 
 
 
 
Fig.1.7  Relationship sulfur compound and haze [modified Zhang et al. 
(2012)]. 
 
 
 
Fig.1.8  Important chemical pathway for sulfur species [taken from 
Zhang et al. (2012)]. 
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1.2.2.   Observations suggesting relation between Sulfuric 
compound and Haze 
 
Fig.1.9 (taken from Belyaev et al. (2012)) exhibit two layers of SO2 abundance: the 
lower layer (65 – 80 km) observed by SOIR measurements, and the upper one (85 – 
105 km) observed by SPICAV-UV. Mixing ratio of SO2 decreases from 0.2 to 0.02 ppmv 
at 65 – 80 km and increases from 0.05 to 2 ppmv at 85 – 105 km. The upper layer 
detected (above the clouds, but within the upper haze) is characterized by a SO2 
mixing ratio increase with altitude from 85 to 105 km. It shows a new source of SO2 at 
high altitude. One possible source of SO2 in the upper haze layer could be 
photo-dissociation of H2SO4 vapor resulting from evaporation of acid aerosol droplets. 
However, recent upper limit of H2SO4 from sub-mm ground-based observation makes 
this theory less likely [Sandor et al., 2012]. The cause of the phenomena given above is 
still controversial. That is, the relationship sulfuric compound and haze and transport 
process are still unknown. 
Using OCPP polarization data, Knibbe et al. (1998) revisited later by Braak et al. 
(2002), pointed out long-term temporal variations of the haze layer. They observed a 
gradual decrease of the haze particle column density during the PV mission. Optical 
thickness of the haze is found to be 0.25 in 1978 and 0.1 or less in 1990. From OCPP 
data of the beginning of the PV mission, Sato et al. (1996) also observed short-term 
variations of optical thickness of the haze particles in the polar regions. As shown in 
Fig.1.10 (taken from Belyaev et al. (2008)), after a sharp increase of SO2 abundance 
between 1967 and 1979, a gradual decline down to 20 ppb at 1995 was observed. Three 
possible explanations of such behavior were recently recalled by Mills and Allen 
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(2007): active volcanism [Esposito, 1984], changes in the effective eddy diffusion 
within the cloud layers [Krasnopolsky, 1986], and changes in atmospheric dynamics 
[Clancy and Muhleman, 1991]. At present, another global increase of SO2 between 
2004 and 2007 is observed. Studies of SO2 at the Venus cloud top at the same period 
show a gradual decrease of SO2 abundance with time [Esposito et al., 1988; Na et al., 
1990]. Braak et al. (2002) reported a correlation between the decrease in SO2 
abundance and that of the polar haze optical thickness. However, it is still unclear how 
haze are produced and what the composition of haze is. The speculation is described in 
the previous section. 
 
 
 
Fig.1.9  SO (black) and SO2 (blue) mixing ratios: (a) Northern high 
latitude in morning (> 50 o, < 12 h); (b) Northern high latitude in evening 
(> 50 o, > 12 h); (c) Low latitude in morning (> 50 o, < 12 h); (d) Low 
latitude in evening (> 50 o, < 12 h). Values below 80 km are from SOIR 
measurement, while values above 85 km are from SPICAV UV [taken 
from Belyaev et al. (2012)]. 
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Fig.1.10  Measurements of SO2 mixing ratio on Venus above the clouds 
40 mbar (～69 km of altitude), available from 1969 up to 2008. SOIR 
results at 68 and 70 km (only at high latitudes) and SPICAV UV results 
at 100 to 110 km [taken from Belyaev et al. (2008)]. 
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1.3.   Purpose of this study 
 
The aim of this work is to examine the upper haze properties at altitude above 90 
km, especially extinction, optical thickness and mixing ratio. This work also has aim to 
discuss the relationship between sulfuric compound and haze at high altitude. 
 
Although several studies have been made on haze layer, there is a poor 
understanding about it. For example, haze creation process, composition, global 
distribution, transport process, relationship with sulfuric compound and H2SO4 cloud, 
and so on. If the upper haze properties and relationship with sulfuric compound are 
cleared in this work, dynamic and chemical process could be cleared globally. This 
work could be the breakthrough to understand the dynamic and chemical process of 
overall Venus cloud including main cloud deck, not only confined to the haze layer. 
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2.   Observation(5年以内に出版予定) 
本章については、5年以内に雑誌等で刊行予定のため、非公開。 
 
3.   Analysis(5 年以内に出版予定) 
本章については、5年以内に雑誌等で刊行予定のため、非公開。 
 
4.   Results(5年以内に出版予定) 
本章については、5年以内に雑誌等で刊行予定のため、非公開。 
 
5.   Discussion(5年以内に出版予定) 
本章については、5年以内に雑誌等で刊行予定のため、非公開。 
 
6.   Conclusion(5年以内に出版予定) 
本章については、5年以内に雑誌等で刊行予定のため、非公開。 
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Appendix A. 
The Venus Express payload 
 
SPICAV/SOIR 
It is made of three channels:  SPICAV–IR, SPICAV–UV and SOIR. The two 
French channels, SPICAV-IR and SPICAV–UV are infrared and ultraviolet 
spectrometers [Bertaux et al., 2007]. SPICAV–UV is a highly sensitive instrument in 
the range of 110-310 nm with resolution of 1.5 nm based on an intensiﬁed CCD 
detector. SPICAV–IR covers the range from 0.7 to 1.7 µm with a resolving power of 
1500. SPICAV operates both in nadir viewing and in stellar occultation modes. When 
working in stellar occultation mode, the UV channel sounds vertical distribution of 
sulfur-bearing gases (SO2 and SO) above the clouds, and also CO2, temperature and 
the aerosol content. SPICAV also operates in nadir mode. On the night side, these 
observations cover several spectral windows and allow the instrument to monitor the 
abundance of atmospheric water in the lower atmosphere, the total cloud opacity, and 
the surface temperature. The night-side NO 195 and O2 airglow emissions are mapped 
by SPICAV to trace the thermospheric circulation [Bougher et al., 1997a]. On the day 
side, observations of the Lyman-alpha hydrogen and oxygen emissions allow studies of 
escape of these species. 
 
VIRTIS 
The VIRTIS instrument consists of two major parts: a mapping spectrometer 
(VIRTIS–M) that covers the range from 0.25 to 5 µm with moderate spectral resolution 
(λ/Δλ ≈ 200), and a high spectral resolution spectrometer (VIRTIS–H) for the spectral 
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range from 2 to 5 µm (λ/Δλ ≈ 1200) [Drossart et al., 2007]. VIRTIS monitors the 
abundance of trace gases (H2O, CO, SO2, COS) in the lower atmosphere, the total 
cloud opacity, and their variations. The variability of the lower atmosphere 
composition gives an indirect insight into the problems of deep atmospheric dynamics, 
surface-atmosphere interaction, and volcanic activity. On the day side, VIRTIS sounds 
gas and aerosol composition at the cloud tops. The second goal is the investigation of 
the atmospheric dynamics. VIRTIS measures the wind speeds by tracking cloud 
features in the UV and IR ranges that correspond to 70 and 50 km altitudes, 
respectively. They are complemented by observations of the O2 airglow at 1.27 µm, 
which is considered a tracer of the lower thermosphere circulation (100 – 120 km) to 
yield a 3 – D time variable picture of Venus atmospheric dynamics. The third objective 
is to study the temperature and aerosol distribution in the mesosphere between 60 
and 90 km by measuring thermal IR emission in the 4 – 5 µm range. The limb 
observations allows VIRTIS to investigate the vertical structure of haze layers above 
the cloud top with vertical resolution between few hundred meters and 2 km. In 
addition, VIRTIS maps the Venus surface in the 1 µm window on the night side. It is 
able to detect hot spots related to possible volcanic activity. Spatial resolution of these 
observations is limited by scattering in the clouds and is probably limited to about 50 
km. Further night-side observations are used to search for lightning. 
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Appendix B. 
Orders definition 
This table summarizes all the diffractions order 101 to 190. 
 
order λmin(cm-1) λmax(cm-1) λmean(cm-1) order λmin(cm-1) λmax(cm-1) λmean(cm-1) 
101 2257.16 2276.55 2266.86 126 2815.86 2840.05 2827.96 
102 2279.51 2299.09 2289.30 127 2838.21 2862.59 2850.40 
103 2301.86 2321.63 2311.75 128 2860.56 2885.13 2872.85 
104 2324.21 2344.17 2334.19 129 2882.91 2907.67 2895.29 
105 2346.55 2366.71 2356.63 130 2905.26 2930.21 2917.74 
106 2368.90 2389.25 2379.08 131 2927.61 2952.75 2940.18 
107 2391.25 2411.79 2401.52 132 2949.95 2975.29 2962.62 
108 2413.60 2434.33 2423.97 133 2972.30 2997.83 2985.07 
109 2435.95 2456.87 2446.41 134 2994.65 3020.37 3007.51 
110 2458.29 2479.41 2468.85 135 3017.00 3042.91 3029.96 
111 2480.64 2501.95 2491.30 136 3039.35 3065.45 3052.40 
112 2502.99 2524.49 2513.74 137 3061.69 3087.99 3074.84 
113 2525.34 2547.03 2536.19 138 3084.04 3110.54 3097.29 
114 2547.69 2569.57 2558.63 139 3106.39 3133.08 3119.74 
115 2570.04 2592.11 2581.08 140 3128.74 3155.62 3142.18 
116 2592.38 2614.65 2603.52 141 3151.09 3178.16 3164.63 
117 2614.73 2637.19 2625.96 142 3173.43 3200.70 3187.07 
118 2637.08 2659.73 2648.41 143 3195.78 3223.24 3209.51 
119 2659.43 2682.27 2670.85 144 3218.13 3245.78 3231.96 
120 2681.78 2704.81 2693.30 145 3240.48 3268.32 3254.40 
121 2704.12 2727.35 2715.74 146 3262.83 3290.86 3276.85 
122 2726.47 2749.89 2738.18 147 3285.18 3313.40 3299.29 
123 2748.82 2772.43 2760.63 148 3307.52 3335.94 3321.73 
124 2771.17 2794.97 2783.07 149 3329.87 3358.48 3344.18 
125 2793.52 2817.51 2805.52 150 3352.22 3381.02 3366.62 
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order λmin(cm-1) λmax(cm-1) λmean(cm-1) order λmin(cm-1) λmax(cm-1) λmean(cm-1) 
151 3374.57 3403.56 3389.07 171 3821.53 3854.36 3837.95 
152 3396.92 3426.10 3411.51 172 3843.88 3876.90 3860.39 
153 3419.26 3448.64 3433.95 173 3866.23 3899.44 3882.84 
154 3441.61 3471.18 3456.40 174 3888.58 3921.98 3905.28 
155 3463.96 3493.72 3478.84 175 3910.92 3944.52 3927.72 
156 3486.31 3516.26 3501.29 176 3933.27 3967.06 3950.17 
157 3508.66 3538.80 3523.73 177 3955.62 3989.60 3972.61 
158 3531.00 3561.34 3546.17 178 3977.97 4012.14 3995.06 
159 3553.35 3583.88 3568.62 179 4000.32 4034.68 4017.50 
160 3575.70 3606.42 3591.06 180 4022.66 4057.22 4039.94 
161 3598.05 3628.96 3613.51 181 4045.01 4079.76 4062.39 
162 3620.40 3651.50 3635.95 182 4067.36 4102.30 4084.83 
163 3642.75 3674.04 3658.40 183 4089.71 4124.84 4107.28 
164 3665.09 3696.58 3680.84 184 4112.06 4147.38 4129.72 
165 3687.44 3719.12 3703.28 185 4134.40 4169.92 4152.16 
166 3709.79 3741.66 3725.73 186 4156.75 4192.46 4174.61 
167 3732.14 3764.20 3748.17 187 4179.10 4215.00 4197.05 
168 3754.49 3786.74 3770.62 188 4201.45 4237.54 4219.50 
169 3776.83 3809.28 3793.06 189 4223.80 4260.08 4241.94 
170 3799.18 3831.82 3815.50 190 4246.15 4282.62 4264.39 
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Appendix C. 
Data set (morning) 
The following table summarizes data used in this study. 
  
Order Orbit Time Lat. Lon. Order Orbit Time Lat. Lon. 
122 133 1/9/2006 83 218 149 137 5/ 9/2006 79 237 
122 145 13/9/2006 25 273 149 141 9/ 9/2006 -7 262 
122 145.2 13/9/2006 59 270 149 247 24/12/2006 84 255 
123 133 1/9/2006 83 218 149 356 12/ 4/2007 84 183 
123 145 13/9/2006 25 273 149 357 13/ 4/2007 83 189 
123 145.2 13/9/2006 59 270 149 358 14/ 4/2007 82 194 
130 143 11/9/2006 68 262 149 359 15/ 4/2007 -45 216 
130 242 19/12/2006 -71 207 149 361 17/ 4/2007 79 208 
130 356 12/4/2007 84 183 149 362 18/ 4/2007 -29 224 
130 357 13/4/2007 83 189 149 363 19/ 4/2007 76 216 
130 693 14/3/2008 85 194 149 365 21/ 4/2007 -12 233 
130 801 30/6/2008 87 86 149 366 22/ 4/2007 71 228 
130 803 2/ 7/2008 86 108 149 462 27/ 7/2007 88 255 
130 807 6/ 7/2008 84 135 149 465 30/ 7/2007 87 231 
130 812 11/ 7/2008 79 158 149 467 1/ 8/2007 86 224 
130 813 12/ 7/2008 -24 175 149 479 13/ 8/2007 77 235 
130 815 14/ 7/2008 76 170 149 484 18/ 8/2007 70 246 
145 467 1/ 8/2007 86 224 149 485 19/ 8/2007 68 249 
146 137 5/ 9/2006 79 237 149 486 20/ 8/2007 65 251 
146 141 9/ 9/2006 -7 262 149 487 21/ 8/2007 61 253 
147 136 4/ 9/2006 80 233 149 487.2 21/ 8/2007 27 250 
147 137 5/ 9/2006 79 237 149 583 25/11/2007 84 163 
147 141 9/ 9/2006 -7 262 149 586 28/11/2007 82 177 
147 361 17/4/2007 79 208 149 591 3/12/2007 -9 209 
147 591 3/12/2007 -9 209 149 593 5/12/2007 3 215 
147 593 5/12/2007 3 215 149 595 7/12/2007 17 220 
148 137 5/ 9/2006 79 237 149 597.2 9/12/2007 59 223 
148 255 1/ 1/2007 78 267 149 687 8/ 3/2008 88 223 
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Order Orbit Time Lat. Lon. Order Orbit Time Lat. Lon. 
149 688 9/3/2008 87 213 149 710.2 31/3/2008 21 217 
149 689 10/3/2008 87 205 149 1139 3/ 6/2009 -75 91 
149 690 11/3/2008 87 200 149 1141 5/ 6/2009 -67 100 
149 691 12/3/2008 86 197 149 1154 18/6/2009 -7 144 
149 693 14/3/2008 85 194 149 1252 24/9/2009 -73 95 
149 695 16/3/2008 84 194 149 1254 26/9/2009 -65 98 
149 697 18/3/2008 82 196 149 1256 28/9/2009 -57 103 
149 699 20/3/2008 81 198 149 1381 31/1/2010 66 131 
149 703 24/3/2008 77 206 174 467 1/ 8/2007 86 224 
149 705 26/3/2008 74 210 175 689 10/3/2008 87 205 
149 706 27/3/2008 73 212 177 812 11/7/2008 79 158 
149 709 30/3/2008 67 219 178 699 20/3/2008 81 198 
149 710.1 31/3/2008 63 221      
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Data set (evening) 
 
Order Orbit Time Lat. Lon. Order Orbit Time Lat. Lon. 
122 110 9/ 8/2006 -8 344 149 442 7/ 7/2007 78 285 
122 111 10/ 8/2006 72 351 149 445 10/ 7/2007 81 292 
122 217 24/11/2006 -13 317 149 458 11/ 7/2007 87 293 
122 219 26/11/2006 79 317 149 667 15/ 7/2007 78 259 
123 110 9/ 8/2006 -8 344 149 669 19/2/2008 79 263 
123 111 10/ 8/2006 72 351 149 671 21/2/2008 81 268 
123 217 24/11/2006 -13 317 149 674 24/2/2008 83 273 
123 219 26/11/2006 79 317 149 675 25/2/2008 83 275 
130 124 23/ 8/2006 88 88 149 677 27/2/2008 84 277 
130 211 18/11/2006 70 296 149 679 29/2/2008 85 277 
130 341 28/ 3/2007 82 348 149 681 2/ 3/2008 86 274 
130 433 28/ 6/2007 66 262 149 684 5/ 3/2008 88 257 
130 445 10/ 7/2007 81 292 149 685 6/ 3/2008 88 247 
147 335 22/ 3/2007 -16 319 149 686 7/ 3/2008 88 235 
149 332 19/ 3/2007 4 310 149 711.1 1/ 4/2008 58 223 
149 334 21/ 3/2007 -10 316 149 1124 19/5/2009 -44 234 
149 335 22/ 3/2007 -16 319 149 1126 21/5/2009 -52 240 
149 341 28/ 3/2007 82 348 149 1128 23/5/2009 -60 247 
149 345 1/ 4/2007 86 13 149 1130 25/5/2009 -69 255 
149 347 3/ 4/2007 87 36 149 1132 27/5/2009 -77 264 
149 349 5/ 4/2007 88 80 149 1465 25/4/2010 -60 200 
149 436.1 1/ 7/2007 72 270 149 1467 27/4/2010 87 242 
149 436.2 1/ 7/2007 17 272 149 1567 5/ 8/2010 -10 159 
149 438 3/ 7/2007 75 275      
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